This study tested the hypothesis that energetic masking limits the benefits obtained from spatial separation in multiple-talker listening situations, particularly for listeners with sensorineural hearing loss. A speech target was presented simultaneously with two or four speech maskers. The target was always presented diotically, and the maskers were either presented diotically or dichotically. In dichotic configurations, the maskers were symmetrically placed by introducing interaural time differences (ITDs) or infinitely large interaural level differences (ILDs; monaural presentation). Target-to-masker ratios for 50 % correct were estimated. Thresholds in all separated conditions were poorer in listeners with hearing loss than listeners with normal hearing. Moreover, for a given listener, thresholds were similar for conditions with the same number of talkers per ear (e.g., ILD with four talkers equivalent to ITD with two talkers) and hence the same energetic masking. The results are consistent with the idea that increased energetic masking, rather than a specific spatial deficit, may limit performance for hearing-impaired listeners in spatialized speech mixtures.
INTRODUCTION
At least two distinct kinds of auditory masking can degrade speech intelligibility in situations containing competing talkers. 'Energetic masking (EM)' occurs when the competing talkers overlap acoustically with the target and render it inaudible. 'Informational masking (IM)' describes interference occurring more centrally, and is often attributed to confusion between audible target and masker elements . When competing talkers are presented from the same location, the dominant kind of interference appears to be IM (Brungart et al. 2006 (Brungart et al. , 2009 . However, in two recent studies by Best and colleagues (Best et al. 2012 (Best et al. , 2013 it was observed that for spatially separated talkers, thresholds for a given listener do not vary much when the IM content of the masker is varied (i.e., when a speech masker is time-reversed or replaced with noise). This suggests that IM may be largely eliminated under these conditions, leaving primarily EM (see also Freyman et al. 2007) .
In numerous studies, listeners with sensorineural hearing impairment (HI) have been shown to receive less benefit from the spatial separation of competing talkers than listeners with normal hearing (NH). For example, when following a frontal target talker in the presence of two interfering talkers, NH listeners demonstrate a large spatial release from masking (up to 20 dB) when the interferers are separated symmetrically to either side, but this value is substantially reduced by hearing loss (Marrone et al. 2008; Best et al. 2012; Spencer et al. 2012; Glyde et al. 2013) . For the symmetric talker paradigm, it has been noted several times that spatial benefits are reduced as a result of higher thresholds in the separated configuration; co-located thresholds tend to be similar across listener groups. This apparent deficit in spatial conditions has motivated the idea that spatial processing is at the heart of the problem. However, another interpretation is that hearing loss is detrimental in conditions dominated by EM, and not those dominated by IM. According to the above description, this would appear as a deficit in separated configurations that is not revealed in co-located configurations.
This interpretation is consistent with several experiments that have isolated IM from EM and concluded that NH and HI listeners are equally susceptible to IM but more susceptible to EM (e.g., Helfer and Freyman 2008; Agus et al. 2009 ). Note that increased susceptibility to EM is equivalent to increased susceptibility to noise, which is associated with hearing loss for a variety of reasons including inaudibility of highfrequency speech components, reduced sensation level, and poor frequency selectivity (Moore 2007; Dillon 2012) .
We propose that speech intelligibility in multitalker mixtures is limited by EM, which is determined both by the acoustic characteristics of the stimulus (i.e., how much masker energy is present) and by characteristics of the listener (i.e., how susceptible he/she is to noise). This limit ultimately determines how much release from IM is possible when competing speech signals are spatially separated, as it effectively determines the headroom for improvement.
The current experiment tested two specific hypotheses. Our first hypothesis was that the amount of EM in multitalker mixtures imposes a limit on speech intelligibility. We varied the EM systematically by varying the number of masker talkers. Apart from the extra energy added, increasing the number of talkers tends to 'fill in' the spectrotemporal gaps in the stimulus, leaving fewer opportunities to obtain clean glimpses of the target. In the limit, of course, adding independent talkers together results in speech-like noise, which is an optimal energetic masker (Brungart 2001; Brungart et al. 2001) . To obtain a more direct measure of the amount of EM in each configuration, a noise condition was included, in which the speech maskers were replaced with spectrotemporally matched noises. In addition to varying the number of maskers, both interaural time and interaural level differences (ITDs and ILDs) were used separately to spatialize them. This gave us another level of control over the amount of EM, since separating the maskers via ITD leaves masker energy in both ears, whereas separating them via ILDs removes masker energy from one ear. We measured speech reception thresholds and predicted that each listener's performance would be systematically related to EM at the ear in the different spatialized conditions, regardless of the masker type, number, or arrangement.
Our second hypothesis was that for a given stimulus, the effective EM is higher in HI listeners than in NH listeners, leading to a more restrictive performance limit. Thus, we predicted that HI listeners would perform more poorly in all spatialized conditions, as a result of an individual EM limit related to their audiometric profile. Importantly, if a monaural EM-based limit could account for performance across both ITD and ILD conditions it would provide evidence against the existence of a specific binaural deficit causing poor performance on this task in HI listeners.
METHODS

Participants
Participants were 11 NH listeners (18-33 years; mean 23 years) and 11 HI listeners with bilateral symmetric sensorineural hearing loss (18-43 years; mean 25 years). Audiograms for the HI group are shown in Figure 1 . Listeners were paid for their participation and gave informed consent. All procedures were approved by the Boston University Institutional Review Board.
Stimuli and procedures
Digital stimuli were generated on a PC using MATLAB software, D/A converted and attenuated using Tucker-Davis Technologies hardware (System II), and presented over Sennheiser headphones (HD 280 Pro). Listeners were seated in a sound-treated booth fitted with a monitor and mouse, and indicated their responses by clicking with the mouse on a graphical user interface.
Target stimuli were taken from the coordinate response measure (CRM) corpus (Bolia et al. 2000) . Sentences in this corpus have the form "Ready G callsign 9 go to G color 9 G number 9 now," with eight/four/eight alternatives for the callsign/color/ number keywords respectively (e.g., "Ready Charlie go to blue six now"). Only the four male talkers in the corpus were used, and the target was always given the callsign "Baron." Both speech and noise maskers were used. Speech maskers consisted of two or four talkers (different from the target talker) speaking CRM sentences. The keywords spoken by the masker talkers were different from the target and, where possible, different from each other (as there are only four colors in the corpus, two of the maskers in the four-talker masker always uttered the same color). Noise maskers were generated by first selecting two or four speech maskers as just described, then extracting the broadband envelope from each talker using a Hilbert transform, low-passing it at 50 Hz, and using it to modulate a noise with a spectrum matched to the long-term average spectrum of the male voices in the CRM corpus. Note that even though the different sentences in the CRM corpus have the same overall structure, the different talkers have different speaking rates and rhythms, which means that the envelopes are not tightly correlated across sentences.
Individualized linear gain (according to the NAL-RP prescription; Byrne et al. 1990 ) was applied for HI listeners before presentation over headphones. Each masker talker was fixed at 60 dB SPL (pre-gain), and the target level was varied adaptively using a one-up one-down staircase procedure to track the target-tomasker ratio (TMR) giving 50 % correct performance. No feedback was provided during testing. Figure 2 shows a schematic of the different experimental conditions. The target was always presented diotically, such that it was perceived in the center of the head. In the diotic conditions, all maskers were also presented diotically (DIO2 and DIO4), which is analogous to the typical co-located configuration of many free-field studies. In the dichotic conditions, ILDs or ITDs were used to move the perceived location of the masker talkers to either side of the head (akin to a symmetrically separated configuration in the free field). In the ILD conditions (ILD2 and ILD4), each masker was presented only to one ear (i.e., with an infinite ILD), and the maskers were split such that each ear received one of the two (or two of the four) maskers (as per Pollack and Pickett 1958). In the ITD conditions (ITD2 and ITD4), each masker was lateralized to one side using a simple time delay of 0.6 ms. Again, the maskers were split such that half of the maskers were perceived on each side of the head, but in this case, energy from all maskers was present in each ear. The key feature of this design is that there are two conditions with the same EM by our definition (ILD4 and ITD2, each having two masker talkers per ear), despite those two conditions having a different number of talkers in total and different spatial cues imposed.
Experimental conditions
The 12 masked conditions (speech/noise, two/ four maskers, diotic/ITD/ILD) were tested in a random order within an experimental session. Each session began with a quiet (target-only) condition, giving 13 adaptive tracks in total, and took around 45 min to complete. Four sessions were completed by each participant over several visits.
RESULTS
Quiet performance
Quiet speech reception thresholds were considerably lower in the NH group (mean 19 dB SPL) than in the HI group (mean 42 dB SPL). Moreover, quiet thresholds in the HI group were correlated with audiometric thresholds (average of 0.5, 1, and 2 kHz; r=0.77, P=0.006). This was expected given that NAL-RP is not designed to restore full audibility, but it does mean that target and masker stimuli were presented at a lower overall sensation level to HI listeners. Figure 3 shows threshold TMRs for speech and noise maskers (top and bottom panels) under each of the experimental conditions. Mean thresholds for NH and HI groups are shown in black and white, respectively. Figure 4 shows the amount of spatial release from masking for each condition and each group, obtained by simply subtracting dichotic from diotic thresholds.
Masked performance
For speech maskers ( Fig. 3 top panel) , diotic thresholds were high (positive TMRs) and almost identical across groups, consistent with this condition being dominated by IM. Thresholds were lower in the dichotic conditions, suggesting a release from IM, but did not get as low in the HI group as in the NH group. A mixed ANOVA revealed significant effects of condition (F 5,100 =146.6, PG0.001), group (F 1,20 =18.2, PG0.001), and a significant interaction (F 5,100 =19.9, P G0.001). Planned comparisons (t tests, P G0.05) confirmed that means were different between groups for the four dichotic conditions but not the two diotic conditions.
For noise maskers (Fig. 3 bottom panel) , diotic thresholds were lower than for speech maskers, consistent with there being little or no IM. Moreover, the HI group showed poorer thresholds on average for both diotic and dichotic conditions. A mixed ANOVA revealed significant effects of condition (F 5,100 = 348.6, P G0.001), group (F 1,20 = 28.5, PG0.001), and a significant interaction (F 5,100 =22.8, P G0.001). Planned comparisons (t tests, P G0.05) confirmed that means were different between groups for all six conditions. A qualitative examination of the mean dichotic thresholds in Figure 3 for both speech and noise maskers suggests that performance was systematically related to EM. EM was determined by the number of masker talkers (or noises) at the ear, which could be either one (ILD2), two (ILD4 and ITD2), or four (ITD4). The ranking of thresholds across the four conditions was related directly to this number; thresholds were essentially identical within each group for the two conditions with the same number of masker talkers in each ear (ILD4 and ITD2), were lower in the condition with fewer talkers in each ear (ILD2), and were higher in the condition with more talkers in each ear (ITD4).
Spatial benefit
Spatial benefit (the difference between diotic and dichotic thresholds) was calculated for all conditions and is shown in Figure 4 . For speech maskers, spatial benefits were larger in the NH group than in the HI group for all conditions ( Fig. 4 top panel; difference between groups ranges from 3.5 to 9.6 dB). A mixed ANOVA revealed significant effects of condition (F 3,60 =88.5, PG0.001), group (F 1,20 =22.9, PG0.001), and a significant interaction (F 3,60 =13.4, PG0.001). Planned comparisons (t tests, PG0.05) confirmed that means were different between groups for all four conditions. For noise maskers, spatial benefits were smaller on average than for speech maskers, and the difference between groups was reduced ( Fig. 4 bottom panel; difference between groups ranges from 0.8 to 3.8 dB). A mixed ANOVA revealed significant effects of condition (F 3,60 =140.5, PG0.001), group (F 1,20 =23.4, PG0.001), and a significant interaction (F 3,60 =12.3, P G0.001). Planned comparisons (t tests, P G0.05) confirmed that means were different between groups for all conditions but ITD4.
SNR analysis
To examine the relationship between performance and EM more quantitatively, we expressed the separated thresholds for each listener with reference to the overall masker energy at the ear rather than the energy of each individual masker at the "source" (i.e., converted from TMR to SNR). This adjustment accounted for the drop in SNR caused by additional talkers at the ear. As a first approximation, we simply calculated the drop in the long-term broadband SNR using the root-mean-square of the signals presented to the ear under the different dichotic conditions. Hence, the thresholds for ILD2 were unchanged (as there was one masker talker in each ear), thresholds for ILD4/ITD2 were reduced by 3 dB, and thresholds for ITD4 were reduced by 6 dB. Figure 5 shows these SNRs at threshold for each listener (gray lines) as well as the mean across listeners (black lines and symbols). If our hypothesis is true that each listener has an individual EM limit and if broadband SNR at the ear is sufficient to capture EM, then thresholds should be consistent across spatial configurations when plotted in this way (i.e., the lines joining the four conditions should be horizontal). For noise maskers (Fig. 5 bottom panels) , the SNR functions were generally quite flat, especially for the HI group. A mixed ANOVA conducted on the SNR values for noise maskers confirmed a significant interaction between spatial condition and group (F 3,60 =27.3, PG0.001). Individual ANOVAs for each group showed that the effect of spatial condition was significant for the NH group (F 3,30 =32.3, PG0.001) but not the HI group (F 3,30 =2.6, P=0.07). For speech maskers (Fig. 5 upper panels) , many HI listeners again showed relatively flat functions, but the majority of NH listeners did not. A mixed ANOVA conducted on the SNR values for speech maskers confirmed a significant interaction between spatial condition and group (F 3,60 =27.3, PG0.001). Individual ANOVAs for each group showed that the effect of spatial condition was significant for the NH group (F 3,30 = 25.2, PG0.001), and the small effect of spatial condition for the HI group also reached significance (upper right panel, F 3,30 =3.5, P=0.03).
For the NH group, SNRs at threshold for both noise and speech maskers clearly deviated from the "fixed SNR" prediction. Instead they showed an increasing trend overall, being lowest for the ILD2 condition and highest for the ITD4 condition (but equivalent for ILD4 and ITD2, as expected). The deviations were especially large for some listeners in the speech masker condition. Interestingly, the two NH listeners with the poorest thresholds in this condition show relatively flat functions that are comparable to the HI functions. The inability of SNR to capture the NH results may be a result of the simplistic calculation of SNR used here, which does not take into account the opportunity for "glimpsing" in the different speech mixtures. For example, in the ILD2 condition, where there is only one masker in each ear, there are many more opportunities for catching clean glimpses of the target than in the spectrotemporally denser ILD4/ITD2 conditions. If NH listeners are better able to make use of these brief moments where the target is unmasked than HI listeners (e.g., Festen and Plomp 1990; George et al. 2006; Hall et al. 2012 ) then a broadband, long-term metric would be expected to fall short. Indeed Brungart et al. (2009) show that NH listeners experience more EM when the number of maskers is increased even if the overall SNR is held constant.
For HI listeners, we predicted that individual EM limits would be related to individual audiometric profiles. To examine this, an estimate of the "SNR limit" for each listener was calculated by averaging his/her transformed thresholds for the four dichotic conditions (i.e., averaging across the gray lines in the right panels of Fig. 5 ). Figure 6 shows the estimated SNR limit plotted against pure tone average (the average of left and right ear thresholds at 0.5, 1, and 2 kHz) for each HI listener. The correlation between the two measures was highly significant for both speech maskers (circles; r=0.81, P=0.002) and noise stimuli (squares; r=0.79, P=0.004). While a strong correspondence was found between the slopes of the least squares fits for speech (solid lines; slope=0.22 dB/dB) and noise (dashed lines; slope=0.21 dB/dB), SNR limits were consistently higher for speech maskers (by approximately 4 dB). This offset may reflect residual IM with speech maskers, which simply increases the SNR needed to perform at a given level.
DISCUSSION
We examined spatial release from masking in various multitalker mixtures. While all listeners demonstrated a release from masking under dichotic conditions, the benefit was reduced in HI listeners. These general findings are consistent with previous studies employing similar materials and configurations (Marrone et al. 2008; Best et al. 2012; Spencer et al. 2012; Glyde et al. 2013) .
Our first hypothesis was that the amount of EM in multitalker mixtures imposes a limit on speech intelligibility. We predicted that performance in the different spatialized conditions would be systematically related to EM, defined simply by the number of masker talkers at the listener's ear. This was found to be the case, with the strongest demonstration coming from the fact that thresholds were identical for the two conditions with the same number of masker talkers in each ear (ILD4 and ITD2), despite those two conditions having a different number of talkers in total, and different spatial cues imposed. A similar pattern of results was also observed when the maskers were noise stimuli, which further supports an explanation based on EM. On the whole, these findings strongly suggest that monaural factors limited performance in the spatialized mixtures used in this experiment.
The striking equivalence of the thresholds for ILD4 and ITD2 is somewhat surprising if one considers the well-known ability of the auditory system to gain a speech intelligibility advantage from discrepancies in interaural phase between targets and maskers (the binaural intelligibility level difference; e.g., Licklider 1948; Levitt and Rabiner 1967) . Because these binaural mechanisms are most efficient for interaurally correlated maskers (even in the case of multiple maskers, e.g., Culling et al. 2004) , one might predict better thresholds in the ITD2 condition (which contains correlated maskers) compared to the ILD4 condition (in which the maskers are uncorrelated). It may be that ILD4 condition, due to the infinite ILDs, provides more opportunities to listen in the gaps at different times in each ear, offsetting any BMLDrelated advantage afforded by the ITD2 condition.
Our second hypothesis was that listeners with sensorineural hearing loss would exhibit more EM than NH listeners, and that this would in turn reduce their spatial release from masking. Indeed, we found that dichotic thresholds for HI listeners were poorer across all conditions, regardless of the masker number or spatial cue imposed. Moreover, their thresholds were wellexplained in terms of a fixed "SNR limit" that was related to the severity of their hearing loss. This provides a plausible explanation for the reduced benefit of spatial separation in this population, based on monaural factors alone, without the need to consider specific deficits in the processing of ITD or ILD. This interpretation could explain why attempts to relate reduced spatial benefits in the HI population to specific deficits in binaural or localization abilities have been largely unsuccessful (e.g., Noble et al. 1997; Spencer et al. 2012) , while spatial benefits are strongly correlated to monaural measures such as audiometric thresholds (e.g., Marrone et al. 2008; Glyde et al. 2013) .
Further investigations will be required to assess whether or not EM limits generalize to other situations. For example, the spatial differences imposed were rather extreme, and it is possible that EM limits would not be reached if smaller separations (i.e., smaller ITDs/ILDs) had been used. It is also possible that our young healthy listeners represent 'ideal' cases who reach their EM limit only because they have no other performance-limiting deficits; this might not be the case for older listeners, or listeners with central spatial processing deficits (e.g., Dubno et al. 2008; Glyde et al. 2011 ).
CONCLUSIONS
The results are consistent with a performance limit in multitalker mixtures that is related to energetic masking.
This limit may at least in part explain the reduced benefit from cues such as spatial separation often observed in listeners with sensorineural hearing loss.
